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Summary 
The presented dissertation entitled „Development and Validation of a Landscape Metrics Based 
Approach for Standardized Landscape Assessment Considering Spatial Patterns” addresses three 
main questions: 
I. Which ecosystem services depend on landscape structure? 
II. How can landscape metrics be used to achieve a standardized routine for assessing the 
impact of landscape structure on the hereon dependent ecosystem services? 
III. How can regional planning benefit from the consideration of landscape structural effects on 
the provision of ecosystem services? 
The PhD study was carried out in the context of the Climate Change adaptation project REGKLAM 
(funding code 01 LR 0802). The work package “Land Use” was conducted at the Institute of Soil 
Science and Site Ecology of the TU Dresden under the direction of Prof. Dr. Makeschin. The PhD 
study took place in the framework of a sub-work package of it, which was called “Integrated Land 
Use Assessment”. The aim of this sub-work package was the evaluation of Climate Change 
adaptation strategies at the landscape scale in a cross-sectoral manner. The ecosystem services 
concept was chosen as methodological framework for this purpose. Particular motivation of this PhD 
study was that landscape structural aspects are often not sufficiently considered in commonly used 
ecosystem services assessment approaches. A standardized assessment procedure regarding the 
impact of the composition and configuration of land use/ land cover types is not yet existent in 
contemporary planning approaches, neither in strategic environmental assessment. In my thesis, I 
developed in the period from 2010 to 2014 a methodological basis which addresses this challenge. 
My thesis was realized as cumulative dissertation, which consists of three articles. These articles are 
published in peer-reviewed, ISI-listed international journals, whereas the third article still is in press. 
The short introduction in chapter one gives information on the motivation and the structure of the 
thesis. In chapter two, the research hypothesis is formulated and scope and objectives are explained. 
Chapter three gives an overview of the history of landscape metrics, the state-of-the-art, and current 
research in topic. In chapter four, the model region, focus areas, and the methodological basis are 
described. The fifth chapter summarizes results of the three articles (Frank et al. 2012, 2013, in 
press). Discussions in chapter six critically reflect the methodology and identify limitations, strengths, 
and its contribution to regional planning and to decision-making. Furthermore, some suggestions for 
extending the approach to other ecosystem services, especially regulating services, are made and 
perspectives towards different research questions are shown. Chapter seven summarizes the main 
outcomes of the PhD study. 
The central output of the dissertation is a module of GISCAME, a land use change impact assessment 
platform for supporting regional planning. The landscape metrics based ecosystem services 
assessment approach facilitates calculation, combination, and interpretation of a choice of landscape 
metrics and, hence, the evaluation of the impact of composition and configuration of land use 
patterns on ecosystem services. I selected eleven focus areas in the planning region “Upper Elbe 
Valley/Eastern Ore Mountains” to demonstrate the application and validation of the landscape 
metrics based approach that I propose in my dissertation. With these use cases, I show that the 
landscape structure significantly influences the provision of the ecosystem services ecological 
integrity and landscape aesthetics. 
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Within the first use case I could demonstrate that the afforestation planning can be enhanced by 
including landscape metrics in the planning process. Actual priority areas for afforestation do not 
contribute to ecological integrity at the regional scale. Landscape fragmentation, habitat 
connectivity, and landscape diversity must be taken into account in order to identify most efficient 
priority areas for afforestation in terms of enhancing ecological integrity. The second use case 
focused on the question, how landscape structure influences scenic beauty. By means of a survey, I 
performed a comparison between the landscape metrics based approach and landscape perception 
of 153 respondents. This test underpinned my assumption that a landscape metrics based routine 
allows conclusions on the value of landscape aesthetics. The third use case gives practical advice in 
the current planning challenge about how to enhance water erosion protection planning in the 
context of Climate Change. Here, I demonstrated that not only land use change in preferential water 
erosion paths, but especially the change of management strategies combined with an improvement 
of landscape structure have the capacity to reduce water erosion potential by 92 %. 
The results show that it is of great importance to consider landscape structural aspects in current and 
future regional planning questions because additional, relevant planning information becomes 
tangible. The comparison of the presented method with other landscape metrics based approaches 
for ecosystem services assessment shows that the interpretation of the landscape metric values in 
the GISCAME platform module goes one step further towards usability for planning support: its 
transparency, spatial transferability, and flexibility are the main strengths of the approach. However, 
there is a clear need to involve the impact of landscape structure aspects also regarding other 
ecosystem services. 
Zusammenfassung 
Die vorgelegte Dissertation mit dem Titel „Entwicklung und Validierung eines auf 
Landschaftsstrukturmaßen basierten Ansatzes zur standardisierten Landschaftsbewertung unter 
Berücksichtigung räumlicher Muster“ behandelt die drei Hauptfragen 
I. Welche Ökosystemdienstleistungen hängen von der Landschaftsstruktur ab? 
II. Wie können Landschaftsstrukturmaße genutzt werden, um ein standardisiertes 
Bewertungsverfahren dieser abhängigen Ökosystemdienstleistungen zu ermöglichen? 
III. Wie kann die Regionalplanung von der Berücksichtigung der Effekte von Landschaftsstruktur 
auf die Bereitstellung von Ökosystemdienstleistungen profitieren? 
Die Promotions-Studie wurde im Rahmen des Klimawandel-Anpassungs-Projektes REGKLAM 
(Förderkennzeichen 01 LR 0802) durchgeführt. Das Arbeitspaket „Landnutzung“ wurde am Institut 
für Bodenkunde und Standortslehre der TU Dresden unter Leitung von Prof. Dr. Makeschin 
bearbeitet. Die Promotions-Studie erfolgte im Rahmen des Teil-Arbeitstaktes „Integrierte 
Landnutzungsbewertung“. Ziel dieses Teil-Arbeitspaketes war die Bewertung von Klimawandel-
Anpassungs-Strategien auf Landschaftsebene in Sektor-übergreifender Weise. Zu diesem Zweck 
wurde das Ökosystemdienstleistungskonzept als methodischer Rahmen gewählt. Der spezielle Anlass 
dieser Promotion-Studie war, dass landschaftsstrukturelle Aspekte in gebräuchlichen 
Ökosystemdienstleistungs-Bewertungsansätzen oft ungenügend berücksichtigt sind. Ein 
standardisiertes Bewertungsverfahren des Einflusses von Zusammensetzung und Anordnung von 
Landnutzungs-/Landbedeckungstypen existiert weder in aktuellen Planungsansätzen noch in 
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Umweltverträglichkeitsprüfungen. In meiner Dissertation entwickelte ich im Zeitraum von 2010 bis 
2014 eine methodische Grundlage, welche diese Herausforderung angeht. 
Meine Promotion wurde als kumulative Dissertation, welche aus drei Artikeln besteht, umgesetzt. 
Diese Artikel wurden in begutachteten, ISI-gelisteten, internationalen Journalen veröffentlicht, wobei 
sich das dritte aktuell im Druck befindet. 
Die kurze Einleitung im ersten Kapitel informiert über die Beweggründe und die Struktur der 
Dissertation. Im zweiten Kapitel ist die Forschungshypothese formuliert sowie Geltungsbereich und 
Zeile erläutert. Kapitel drei gibt einen Überblick über die Geschichte der Landschaftsstrukturmaße, 
den aktuellen Forschungsstand und aktuelle Forschungsfelder. Im vierten Kapitel sind die 
Modellregion, die Fallstudien-Gebiete, sowie methodische Grundlagen beschrieben. Das fünfte 
Kapitel fasst die Ergebnisse der drei Artikel (Frank et al. 2012, 2013, im Druck) zusammen. 
Diskussionen in Kapitel sechs reflektieren die Methodik kritisch und identifizieren ihre Grenzen und 
Stärken sowie den Beitrag der Ergebnisse zu Regionalplanung und Entscheidungsfindung. Darüber 
hinaus werden einige Empfehlungen zur Erweiterung des Ansatzes für weitere 
Ökosystemdienstleistungen, insbesondere regulierende Leistungen, getroffen und Perspektiven zur 
Anwendung für andere Forschungsfragen werden aufgezeigt. Kapitel sieben fasst schließlich die 
wichtigsten Ergebnisse der Promotions-Studie zusammen. 
Das zentrale Ergebnis der Dissertation ist eine Erweiterung des Entscheidungsunterstützungs-
Werkzeuges GISCAME. Der auf Landschaftsstrukturmaßen basierende Ökosystemdienstleistungs-
Bewertungsansatz ermöglicht die Berechnung, Kombination und Interpretation einer Auswahl von 
Landschaftsstrukturmaßen und somit die Bewertung des Einflusses von Zusammensetzung und 
Anordnung von Landnutzungsmustern auf Ökosystemdienstleistungen. Ich wählte elf Fokusgebiete in 
der Planungsregion „Oberes Elbtal/Osterzgebirge“ aus um die Anwendung und Validierung des auf 
Landschaftsstrukturmaßen basierenden Ansatzes, den ich in der Dissertation vorschlage, zu 
demonstrieren. Mittels dieser Anwendungsfälle zeige ich, dass die Landschaftsstruktur die 
Bereitstellung der Ökosystemdienstleistungen ökologische Integrität und Landschaftsästhetik 
erheblich beeinflusst. 
Im ersten Anwendungsfall konnte ich zeigen, dass die Aufforstungsplanung durch die Einbeziehung 
von Landschaftsstrukturmaßen in den Planungsprozess verbessert werden kann. Vorranggebiete für 
Waldmehrung in ihrer derzeitigen Form tragen nicht zur ökologischen Integrität auf der regionalen 
Ebene bei. Landschaftszerschneidung, Biotopverbund und Landschaftsdiversität müssen vermehrt 
beachtet werden, um Vorranggebiete für Waldmehrung für eine Verbesserung der ökologischen 
Intaktheit effizienter anzuordnen. Der zweite Anwendungsfall richtete sich auf die Frage, wie 
Landschaftsstruktur die Landschaftsästhetik beeinflusst. Mithilfe einer Befragung verglich ich den auf 
Landschaftsstrukurmaßen basierenden Ansatz mit der Landschaftswahrnehmung von 153 Befragten. 
Dieser Test untermauerte meine Annahme, dass das auf Landschaftsstrukurmaßen basierende 
Vorgehen Rückschlüsse auf den ästhetischen Wert einer Landschaft zulässt. Der dritte 
Anwendungsfall gibt praktische Hinweise bezüglich der aktuellen Planungs-Herausforderung, wie 
Erosionsschutzplanung im Kontext des Klimawandels verbesset werden kann. In diesem Fall konnte 
ich zeigen, dass nicht nur Landnutzungsänderungen in präferenziellen Abflussbahnen, sondern 
insbesondere eine Änderung der Bodenbearbeitungsstrategie in Kombination mit verbesserter 
Landschaftsstruktur das Potential hat, die potentielle Wassererosion um 92 % zu reduzieren.  
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Die Ergebnisse zeigen, dass es von großer Bedeutung ist, landschaftsstrukturelle Aspekte in aktuellen 
und zukünftigen Planungsfragen zu berücksichtigen, da somit zusätzliche, maßgebliche 
Informationen greifbar werden. Der Vergleich der vorliegenden Methodik mit anderen Ansätzen, die 
Landschaftsstrukturmaße nutzen um Ökosystemdienstleistungen zu bewerten, zeigt, dass die 
automatisierte Interpretation der Landschaftsstrukturmaße mittels des neuen Moduls in GISCAME 
einen Schritt in Richtung Nützlichkeit für Planungsunterstützung geht: Transparenz, räumliche 
Übertragbarkeit und Flexibilität sind weitere Stärken des Ansatzes. Jedoch gibt es eindeutig den 
Bedarf den Einfluss von Landschaftsstruktur auf weitere Ökosystemdienstleistungen einzubeziehen. 
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1. Introduction 
1.1. Motivation 
The main work for this dissertation at hand was carried out in the context of the research project 
REGKLAM, which dealt with the “Development and Testing of an Integrated Regional Climate Change 
Adaption Programme for the Model Region Dresden” (www.regklam.de). The project started in 2008 
and was finished by the end of 2013. It was funded by the Federal Ministry of Education and 
Research. The very diverse fields of investigation reached from building structure to economics to 
urban effluent disposal. 
One module of the project, which was conducted at the Institute for Soil Science and Site Ecology of 
the TU Dresden, dealt with the integrated assessment of Climate Change adaptation strategies in the 
land use sectors of agriculture and forestry. For this purpose, the ecosystem services concept came 
into play. A special focus was put on the influence of land use patterns on the provision of ecosystem 
services. In this framework, a landscape metrics (LM) based approach for standardized landscape 
assessment considering spatial patterns was developed.  
 
1.2. Structure and strategy 
This cumulative PhD thesis is structured according to the typical form of scientific studies. It contains 
the following three peer-reviewed scientific articles, which form the core of the thesis: 
- Frank, S., Fürst, C., Koschke, L., and Makeschin, F. 2012. A contribution towards a transfer of 
the ecosystem service concept to landscape planning using landscape metrics. Ecological 
Indicators 21: 30-38. 
- Frank, S., Fürst, C., Koschke, L., Witt, A., and Makeschin, F. 2013. Assessment of landscape 
aesthetics-Validation of a landscape metrics-based assessment by visual estimation of the 
scenic beauty. Ecological Indicators 32: 222-231. 
- Frank, S., Fürst, C., Witt, A., Koschke, L., and Makeschin, F. in press. Making use of the 
ecosystem services concept in regional planning-- trade-offs from reducing water erosion. 
Landscape Ecology: 1-15. 
The articles present the main methodology, results, as well as conclusions, which were elaborated in 
the course of the PhD study. They are arranged in chronological and logical order. The results section 
starts with the article of Frank et al. (2012). It describes the methodological basis using the example 
of afforestation strategies in regional planning. The subsequent article of Frank et al. (2013) contains 
the results of a pure methodological exercise. This study was carried out for validating the LM based 
approach for the assessment of landscape aesthetics. The third article (Frank et al. in press) presents 
results of a application case in current regional planning practise. 
To enhance readability the thesis, I have put the articles in their published form into the attachment 
(Appendices 2, 3, and 4). The main results of the articles are summarized in the results section. One 
of the articles (Frank et al. 2013) provides supplementary material, which is available online for 
download as MS Word-document. 
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In addition to the peer-reviewed articles, findings of the following pre-studies contributed to the 
methods section. They are cited as gray literature, because they were only published in conference 
proceedings: 
- Frank, S., Fürst, C., Lorz, C., Koschke, L., Abiy, M., and Makeschin, F. 2010a. Chances and 
limits of using landscape metrics within the interactive planning tool “Pimp Your Landscape”. 
In Proceedings LandMod2010. (ed. Cemagref), pp. 13. www.symposcience.org, accessed at 
28.11.2010, Montpellier, France. 
- Frank, S., Fürst, C., Lorz, C., Koschke, L., and Makeschin, F. 2010b. A regionally adaptable 
approach of landscape assessment using landscape metrics within the 2D cellular automaton 
“Pimp your landscape”. In IUFRO Landscape Ecology Working Group International 
Conference. (eds. J.C. Azevedo, M. Feliciano, J. Castro, and M.A. Pinto), pp. 757. Instituto 
Politécnico de Bragança, Portugal, Bragança, Portugal.  
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2. Scope and objectives 
Despite a big variety of tools for LM calculation, until today, standardized methodologies for LM 
interpretation and evaluation, such as standardized thresholds, are missing (Lang et al. 2009; Riitters 
et al. 2009). There are two main reasons for this. 
First, regarding many ecosystem services (“benefits people obtain from ecosystems”, MA 2005), a 
reference situation is missing (Groffman et al. 2006). Should the current landscape conditions serve 
as an assessment reference or better the landscape of the year 1850? Against this background, it is 
difficult to identify threshold values for LMs. What is, compared to the reference, the desirable status 
for the future? Until today it remained unclear from which point on the delivery of an ecosystem 
service is threatened, for example by fragmentation or homogenization of a landscape.  
Second, if understood as socio-ecological systems, landscapes are not comparable due to their 
individual natural conditions and historical genesis under the anthropogenic influence. As a 
consequence, it is doubted that standardized interpretation and evaluation of LMs was possible at all 
and that the comparison of various regions was feasible (Lang et al. 2009). 
LMs can build a bridge between scientific analyses and practical landscape planning, but making 
them operable for sustainable landscape planning remains a challenge (Botequilha Leitão and Ahern 
2002). Broader perspectives on the value of biodiversity and ecosystem services are needed as a 
basis for developing adaptive and flexible approaches to policy and management (Haines-Young 
2009). A standardized evaluation and interpretation approach with the objective of practical 
application of LMs represents an important step towards this goal. 
 
Research hypothesis: 
The effects of the specific composition and configuration of spatial patterns play an important role 
for the provision of some ecosystem services. Therefore, it is essential to operationalise this aspect 
for making it applicable in regional planning and decision-making. 
 
The following three main questions were addressed: 
I. Which ecosystem services depend on landscape structure? 
II. How can landscape metrics be used to achieve a standardized routine for assessing the 
impact of landscape structure on the hereon dependent ecosystem services? 
III. How can regional planning benefit from the consideration of landscape structural effects on 
the provision of ecosystem services? 
 
In order to address the research questions, I structured my work according to the following core 
objectives, which correlate to the three chapters “Background and context”, “Methods”, and 
“Results”, but also to the respective chapters of the articles (Appendices 2, 3, and 4): 
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I. Investigation of the relationship between landscape structure and ecosystem services 
Ecosystem services, which are most affected by landscape structure, needed to be identified. For this 
purpose, first, the relationship landscape structure – process need to be considered. Thereupon, 
relationships between landscape structure, processes, and functions can be derived. Based on this, 
the identification of relationships between structure and ecosystem service is possible. 
 
II. Development of an assessment methodology for these most affected ecosystem services 
The core task was to develop a LM based approach that allows assessing the impact of landscape 
structure on ecological integrity and landscape aesthetics. The approach had to be standardized, 
which means that it should be transferable to other regions and, if possible, to different research 
questions. A challenge was to integrate the approach into existing software. To do so, a variety of 
different landscape ecological and social-scientific methods needed to be combined and, in some 
cases, modified. 
 
III. Application of the assessment approach in current regional planning questions to support 
decision-making at the regional scale 
The final aim of the work was to derive useful, sound decision support in current, practical regional 
planning activities. The approach should be tested for applicability. It should generate new, 
landscape structure related information and make it available for integrated landscape assessment. 
In cooperation with the regional planning authority, planning instruments were tested and 
recommendations regarding the regional planning strategy were derived. 
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3. Background and context 
Analyzing landscape structure means dealing with spatially related characteristics of ecosystem 
elements and their spatial interrelationship (Krönert et al. 2001). Landscape metrics (LMs) capture 
composition and configuration of landscape structure in mathematical terms (Walz 2006). Thus, both 
number of land cover types and their spatial arrangement in a landscape are investigated. As Forman 
(1995) and many others pointed out, processes and functions of landscapes are strongly linked to the 
structure of spatial patterns. Not only spatial but also temporal properties of processes can be 
characterized within a quantification of spatial patterns (Wiens 1989; Levin 1992; Forman 1995; 
McGarigal and Marks 1995). This relation of patterns and processes can be bi-directional (Lang et al. 
2009). Hence, patterns are results of spatially constrained processes on the one hand (e. g. 
groundwater level or wind direction as influencing factors). On the other hand, structures may 
reversely influence processes (e.g. roads as influencing factors). 
LMs provide a tool to quantify characteristics of a landscape and are employed in several fields of 
landscape ecology and landscape planning. Landscape structuring, planning and monitoring, as well 
as structural analyses in the field of remote sensing and within geographical information systems are 
areas of application (Syrbe 2004; Rutledge and Miller 2006). Among other important functions, LMs 
play a central role in landscape change science and landscape function assessment (Wu and Hobbs 
2002). Hence, LMs are recommended to be supportive indicators for analyzing different time slots or 
scenarios of landscape change (Haase et al. 2007; Walz 2008; Willemen et al. 2010). 
Theoretical approaches of landscape analysis on the basis of interdependency of landscape structure 
and geographical components of nature were developed in the 1960s and 1970s in Germany (Neef 
1967; Haase 1976). Beginning in the 1950s, Neef’s school of landscape ecology in the former German 
Democratic Republic already analyzed homogeneous geo-complexes of landscapes in order to 
understand landscape functioning and it applied this knowledge for regional planning issues. The 
planetary, landscape, and chorological axiom represent the basis of Neef’s considerations concerning 
the interrelationship of structure and processes (Neef 1967). The idea of assessing landscapes by 
quantifying spatial patterns and thus the practical integration into science started with the 
quantitative branch of North American landscape ecology (Forman and Godron 1986; Turner 1989). 
During the 1990s, this concept settled in European landscape ecology research as well (Blaschke 
1999). Since the 1980s, the intensive progress in landscape ecology was noticeable. The number of 
publications in the literature increased rapidly (Fu et al. 2008), especially in the 2000s (Figure 1). 
Mander and Uumea (2010) showed that landscape planning became an issue in LM research in the 
year 2000. Uuemaa et al. (2009; 2013) found that LMs are used in the context of very different 
purposes, whereas biodiversity and habitat analysis is frequently object of discussion. In contrast, 
landscape aesthetics and water quality until today were less frequently investigated. Studies on 
economical aspects of landscape patterns also rarely took place. Regulations functions are 
increasingly considered in the last five years. Specific metrics were developed for assessing the 
efficiency of settlement structures, for example, as described by Thinh (2004). Further issues of 
recent studies are increasingly the assessment of sustainability of landscapes using LMs (Mander and 
Uuemaa 2010; Renetzeder et al. 2010) and the extension of LMs into the third dimension using 
surface metrics (Hoechstetter et al. 2008; McGarigal et al. 2009). Despite the broad field of 
application, LMs are not operationalised to answer the central question in regional planning, how to 
identify the optimal location of land use types in a landscape. 
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Figure 1: Number of publications with the terms “landscape metrics”, “landscape indexes”, or “landscape indices” in the 
title, abstract, or keywords from 2000 to 2010 (Uuemaa et al. 2013) and 2011 to April 30, 2014 (own search according to 
the methodology of Uumeaa et al. 2013). 
 
Until today, a great variety of LMs has been developed. They are allied at three spatial levels: patch, 
class, and landscape level (McGarigal et al. 2002; Lang and Blaschke 2007). According to Blaschke 
(1999), the following eight groups of LMs can be identified concerning their mathematical properties: 
area metrics, patch metrics, edge metrics, shape metrics, core area metrics, nearest-neighbour 
metrics, diversity metrics, and contagion/interspersion metrics. Basis of investigations using LMs are 
patches. A patch is the smallest individual and largely homogeneous element of a landscape (Forman 
and Godron 1986; Wiens 1989) with individual characteristics such as size and shape (Krönert et al. 
2001). 
Several tools such as FRAGSTATS (McGarigal and Marks 1995), r.le within Grass (Baker and Cai 1992), 
LEAP II (Perera et al. 1997) and IMT (Interactive Metrics Tool) within IDEFIX- Indicator Database for 
Scientific Examination (Klug et al. 2003) enable users to calculate LMs. Steiniger and Hay (2009) gave 
an overview of free-of-cost software that provide the possibility of landscape structure analysis. 
 
Using ecosystem services as basis for planning, the application of LMs for considering landscape 
structural aspects is essential, because otherwise spatial composition and configuration could be 
ignored. Ecosystems provide benefits, which contribute to the well-being of people. These benefits 
are ecosystem services (MA 2005). According to the Millennium Ecosystem Assessment (MA 2005) 
they are categorized into four groups: supporting, provisioning, regulation, and cultural services. The 
ecosystem services concept can be illustrated with the help of the so-called cascade model (Figure 2). 
Ecosystem functions can be derived from the biophysical characteristics of ecosystems. For example, 
the width of a green stripe along a river (structure) determines the surface runoff that ends up in a 
river (water cycle function). The consequential service in this example is a regulation service, the 
flood protection. At the end of the cascade are the benefits or values that people assign to the 
services. The benefit of a good flood protection is, for example, little restoration costs after flooding. 
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Figure 2: The cascade model (modifyed after Haines-Young and Potschin 2010). 
It is difficult to assess all ecosystem services in monetary terms or even to quantify them. Indicators 
or assessment approaches are needed. Some of the services are traded on markets (especially 
provisioning services, like food, wood etc.). Examples for ecosystem services, which are difficult to 
assess, is the provision of landscape aesthetics. As a consequence, there is a need for new 
methodologies which enable making them subject of political discussion (Hauck et al. 2013). 
Some authors exclude ecological integrity from the actual ecosystem services classification, because 
it is the precondition for the provision of any other provisioning, regulating, or cultural service 
(Burkhard and Müller 2008; Kandziora et al. 2013). In my PhD thesis, ecological integrity is 
considered as supporting service. For ecological integrity, landscape structure plays a key role (Syrbe 
and Walz 2012). Landscape connectivity, for example, is an important factor for maintaining 
biodiversity; neglecting it would even lead to an error in spatially explicit ecosystem services 
evaluation (Ng et al. 2013). Besides ecological integrity, cultural services like landscape aesthetics are 
strongly influenced by landscape structure (Galindo and Rodriguez 2000). 
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4. Methods 
4.1. Model region and focus areas 
The model region of my PhD study is situated in central Saxony, Germany. For the development and 
the test of the LM based landscape assessment, 11 focus areas were selected according to different 
research questions (Figure 3). 
 
Figure 3: Location of 11 focus areas within the REGKLAM model region in the middle of Saxony, Germany. The focus 
areas are located as squares of different colours, which are assigned to the articles of the results section: Frank et al. 
(2012) in red, Frank et al. (2013) in dark blue and Frank et al. (in press) in light blue. 
Landscape types and its classification regarding natural conditions are listed in Table 1. The fist case 
study of the year 2012 dealt with afforestation strategies in the context of Climate Change 
adaptations. Therefore, a poorly structured, intensively managed area with fertile soils was chosen. 
The second case study, which was published in 2013, focussed on nine different landscape types. 
They were used to investigate the subjective landscape perception in various settings. In the latest 
article a focus area was selected, which is especially exposed to Climate Change impacts. It contains 
long steep slopes which were also subject of water erosion projects of the regional planning 
association. 
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Table 1: Focus areas and names of the main geochores which ware subject of the investigation in the course of the PhD 
study. Geochores, (parts of) landscapes of similar characteristics, were identified following Mannsfeld and Syrbe (2008). 
Study  Natural region Landscape types: macro-geochores (meso-geochores) 
Frank et al. 
(2012) 
Saxon loess belt Middle Saxonian loess hills (Großenhainer Pflege) 
Frank et al. 
(2013) 
Saxon-Lower-
Lusatian heathland 
Königsbrück-Ruhland heathlands (heathlands of Königsbrück) 
Frank et al. 
(2013) 
Saxon-Lower-
Lusatian heathlands 
Königsbrück-Ruhland heathlands (heathlands of Königsbrück) 
Frank et al. 
(2013) 
Saxon loess belt Middle Saxonian loess hills (Loess hills of Meißen) 
Frank et al. 
(2013) 
Saxon loess belt Middle Saxonian loess hills (Lommatzscher Pflege) 
Frank et al. 
(2013) 
Saxon loess belt Western Lusatian hilly- and mountainous area (Loess plateaus 
around Schönfeld-Weißig, hills of Radeberg) 
Frank et al. 
(2013) 
Saxon lower 
mountain range 
Upper Lusatian mountainous area (Western Upper Lusatian 
mountainous area) 
Frank et al. 
(2013) 
Saxon lower 
mountain range  
Saxon Switzerland (Southern and anterior Saxon Switzerland) 
Frank et al. 
(2013) 
Saxon lower 
mountain range 
Eastern Ore Mountains (High level and ridge around the 
“Kahleberg”) 
Frank et al. 
(2013) 
Saxon lower 
mountain range 
Eastern Ore Mountains (Plateau of Frauenstein) 
Frank et al. 
(in press) 
Saxon lower 
mountain range 
Eastern Ore Mountains (Plateau of Frauenstein, valley of the 
river “Wilde Weißeritz”, and “Riedelland” of Dippoldiswalde) 
 
4.2. Assessment framework: GISCAME 
In order to integrate LM based landscape structure assessment into a holistic ecosystem services 
assessment, the decision support software GISCAME (Fürst et al. 2010) was extended. 
GISCAME consists of three components: 
- a geographic information system, 
- a cellular automaton, and  
- a multi-criteria assessment. 
It contains a geographic information system and is based upon a 2-D cellular automaton. Basically, 
land use/land cover data are required. Further attributes, such as soil data or maps of regional 
planning instruments, can be integrated to refine the basis for decision-making. The cellular 
automaton approach describes the basic functioning of the system. Maps are processed as raster 
cells, whereas the resolution can vary and each cell might contain additional information from 
attribute layers (Fürst et al. 2012). A land use type-specific multi-criteria evaluation  allows assessing 
up to ten ecosystem services at the relative scale from 0 (no provision or not relevant) to 100 
(highest possible provision of the ecosystem service in the region). The bundling and normalization of 
indicators and assessment criteria (Figure 4) facilitates the comparative assessment of several 
services and, hence, trade-off analyses (Koschke et al. 2012). 
Additionally to the land use type specific assessment, spatially explicit approaches are part of the 
system (Figure 4). They facilitate the consideration of spatial interrelations among neighbouring cells 
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as well as the impact of site conditions. The approach for a standardized, LM based landscape 
structure assessment was developed in the course of the PhD thesis. It allows analyzing landscape 
fragmentation, landscape diversity, and habitat connectivity. 
 
Figure 4: Schematic assessment structure of GISCAME. Indicators contribute to the assessment of criteria, which describe 
the provision of ecosystem services (left). Examples are marked in green. The LM based landscape structure assessment 
is an additional module which corrects the values of the basic land use type specific assessment (top right). Neighbouring 
land use types and site conditions can also influence the provision of an ecosystem service (bottom right). 
 
4.3. Challenge of standardization 
The use of LMs is restricted by several limitations. Up to now, the following aspects and properties of 
LMs should be taken into account: 
i. Single LMs should never be used, but always a (small) set of them (Lausch and Herzog 2002; 
Cushman et al. 2008). 
ii. LMs can react unpredictably on changes of thematic (Riitters et al. 1995; Frohn 1998; Huang 
et al. 2006; Bailey et al. 2007; Buyantuyev and Wu 2007; Castilla et al. 2009; Díaz-Varela et al. 
2009) and spatial (Saura 2002; Neel et al. 2004; Wu 2004; Díaz-Varela et al. 2009) resolution 
of the data. 
iii. Map form and map extent can also cause unpredictable changes of LMs (Saura and Martíez- 
Millán 2001; Baldwin et al. 2004; Díaz-Varela et al. 2009). 
iv. Even if (i), (ii), and (iii) are taken into account, LMs should, in principle, not be used as sole 
criteria in a landscape assessment but, at best, as an additional source of information (Lang 
et al. 2009) 
Several LMs were tested in a pre-study for applicability in ecosystem services assessment (Frank et al. 
2010a). Tests were carried out in order to examine the behaviour of the metrics regarding changing 
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spatial resolution. This aspect is of special importance, because the application of different data sets 
was foreseen in the PhD study. In the pre-study, FRAGSTATS 3.3 was applied to calculate a choice of 
LMs, which have been shortlisted for a possible integration in GISCAME. FRAGSTATS is software 
which allows calculating a big variety of LMs ate patch-, class-, and landscape level (McGarigal and 
Marks 1995). The pre-study revealed that decreasing spatial resolution reduces the complexity of a 
landscape (Frank et al. 2010a). Small patches and/or rare land use types disappear from a map with 
increasing grain size and the complexity of single patches decreases. A comparative assessment of 
maps with various spatial resolutions within one ecosystem services assessment therefore is not 
reasonable. Therefore, the thematic resolution needs to be kept consistent in a standardized 
assessment approach. The choice of LMs, which were finally used, is shown in Table 2. 
Table 2: List of LMs and methods that were used to assess ecological integrity and landscape aesthetics. 
Ecosystem 
service 
Evaluation 
criterion 
LM/method Reference  
Ecological integrity 
Landscape 
fragmentation  
Effective Mesh Size, 
Core Area Index 
Gao and Li, 2010; Girvetz et al., 2008; Jaeger et al., 2008 
Habitat 
connectivity  
Cost-distance-
analysis  
Zebisch et al., 2004 
Land cover 
diversity  
Shannon’s Diversity 
Index, Patch density, 
Shape Index 
Kim and Pauleit, 2007; Yeh and Huang, 2009; von Haaren 
and Reich, 2006; Baessler and Klotz, 2006; Renetzeder et 
al., 2010 
Landscape aesthetics 
Naturalness Shape Index Augenstein, 2002; Franco et al., 2003; Fry et al., 2009; Lee 
et al., 2008; Ode et al., 2008, 2010; Palmer, 2004 
Land cover 
diversity 
Shannon’s Diversity 
Index 
Augenstein, 2002; Dramstad et al., 2006; Franco et al., 
2003; Fry et al., 2009; Herbst et al., 2009; Hunziker and 
Kienast, 1999; Ode et al., 2008, 2010; Palmer, 2004 
Land cover 
diversity 
Patch Density Hunziker and Kienast, 1999; Lee et al., 2008; Palmer, 2004 
 
A second pre-study contributed to the development of the assessment framework (Frank et al. 
2010b). Some of the chosen LMs refer to classes of hemeroby. Following Blume and Sukopp (1976), 
this concept groups land use classes according to the human impact. Six degrees of hemeroby 
comprise  
- land use types without any human impact (ahemerobe), 
- very sparsely populated areas (oligohemerobe), 
- sparsely populated cultural landscapes (mesohemerobe), 
- agricultural landscapes, settlements (euhemerobe), 
- partly built-up areas, dump sites (polyhemerobe), and 
- land use types where the biocenosis widely destroyed, inner-cities, industrial facilities 
(metahemerobe). 
LMs, which measure the landscape diversity, were clustered in diversity groups to keep the number 
of land use classes consistent, even if different land use data are applied. Basically, land use types of 
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high human impact were bundled in one group, e.g. industrial sites and dense urban settlements. 
Consequently, the diversity assessment focuses on the diversity of near-to-nature- land use types. In 
order to address the limitations of LM application with respect to form and extent of the map, I 
defined that the LMs can only be applied to uniform and equal map extracts, namely square maps of 
100 km². 
A further landscape ecological method was used to for the estimation of the functional relationships 
between the LMs. Following Bastian and Schreiber (1999), ecological connection matrices were 
employed (Table 3). To facilitate the application of such connection matrices, the LM values need to 
be classified into five classes. This was one of the most challenging tasks. The LM values were 
classified according to scientific findings (e.g. Walz 2008), laws (German Federal Nature Conservation 
Act 2010), strategies (BMU 2007), or development targets of the regional planning association 
(Regionaler Planungsverband Oberes Elbtal/Osterzgebirge 2009). If no thresholds could be identified, 
percentiles were used to reflect the range of LM values in the region. 
Table 3: Example for an ecological connection matrix assessing the relation of the core area of near-to-nature areas and 
unfragmented open areas (meff... effective mesh size). The final value reveals the impact of composition and 
configuration of land use pattern on landscape fragmentation. 
Core area [%] 
meff [km²] 
0-3,25 >3,25-9,43 >9,43-19,15 >19,15-30,81 >30,81 
0-2,45 -10 -10 -10 -5 0 
>2,45-3,24 -10 -5 -5 0 +5 
>3,24-4,08 -10 -5 0 +5 +10 
>4,08-5,22 -5 0 +5 +5 +10 
>5,22 0 +5 +10 +10 +10 
 
The outcome of the connection matrix is a qualitative value that reflects the impact of landscape 
structure on the provision of an ecosystem service. Using the example of Table 3, a share of core 
habitat area of 3 % combined with an effective mesh size of unfragmented open area of 4 km² would 
result in a decrease of the basic assessment of ecological integrity by -10 value points. As three 
assessment criteria are taken into account (cf. Figure 4), a maximum of +/-30 value points can be 
achieved. 
The following flow chart shows the general procedure which takes all the restrictions of using LMs 
into account (Figure 5). 
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Figure 5: Flowchart of the general procedure of assessing the impact of landscape structure on the provision of 
ecosystem services. 
The methodology was realized as “landscape structure module”, an add-on of the GISCAME 
software. It was programmed by the software enterprise PiSolution (Markkleeberg, Germany). A 
manual was written in order to guide the user through the application (Appendix 1). 
 
4.4. Approach for assessing biotope connectivity 
The evaluation of the habitat connectivity represents an exception in the LM based assessment 
framework. In this case, a cost-distance-approach was chosen. The share of functionally connected 
near-to-nature areas, which are potential habitat areas, is determined. 
The approach is based on the conception of Zebisch (2004b) and includes some assumptions. Starting 
point is again the degree of hemeroby. Potential habitat area defined as “near-to-nature areas”. 
Ahemerobe, oligohemerobe, and mesohemerobe land use types contribute to this class. Regarding 
this potential habitat area, core areas, corridors, stepping stones, and isolated patches are 
distinguished. Core areas have a minimum extension of 1 km² and the minimum width of a core area 
is 300 m to ascertain a minimal extent and compactness, respectively. These core areas have a 
budget of 10 points, which are spent by the virtual target species when crossing the landscape. All 
other land use types have virtual costs (Table 4). 
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Table 4: Land use types and its ecological costs following the concept of hemeroby, whereas 1 is ahemerobe, 2 
oligohemerobe, 3 mesohemerobe, 4 euhemerobe, 5, polyhemerobe and 6 metahemerobe. OSM (openstreetmap-data) 
was included to better account for linear landscape elements. 
Degree of hemeroby (exemplary 
land use type) 
Ecological 
costs  
OMS data  Barrier effect 
1 (not existent) 
2 (e.g. moors and heath land) 
3 (e.g. mixed forest) 
1  Small road None 
4 (e.g. arable land) 2  District road Creek Easy conquerable 
5 (e.g. dump sites) 5  Federal highway Difficult to conquer 
6 (e.g. urban fabric) 20  Freeway, river, channel, 
water bodies 
Barrier (not 
conquerable) 
 
The target (key-) species for the cost-distance analysis is the deer (capreolus capreolus). It is 
characterized by a small spatial range of activity; more than two third remain to its habitat (Klimke 
2007). This species depends on small-scale changes of forest/near-to-nature areas and arable areas. 
In order to determine this small-scale heterogeneity of land use types, the moving window method is 
applied with a radius of 0,6 km. Starting from core areas, potential habitat areas are searched. This 
means that each cell of a land use map is regarded as focal cell of a moving window. Consequently, 
all detected core areas are starting point for potential movements and accessible potential habitat 
areas can be identified. The result of the analysis is assigned to each focal cell. Finally, functionally 
connected habitat area (core areas, corridors, and stepping stones) can be distinguished from 
isolated and not suitable areas (Figure 6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Steps of the cost-distance analysis: Starting from a land use map (left), ecological costs are assigned in a cost 
grid (middle). Functionally connected area, which contributes to habitat connectivity, is identified (right). 
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5. Results 
5.1. Assessment of ecological integrity: Frank, S., Fürst, C., Koschke, L., 
and Makeschin, F. 2012. A contribution towards a transfer of the 
ecosystem service concept to landscape planning using landscape 
metrics. Ecological Indicators 21: 30-38. 
The LM based approach was developed in the REGKLAM project to analyze the impact of Climate 
Change adaptation strategies in land use planning on the provision of ecosystem services. The aim of 
this case study was testing the assessment approach for ecological integrity for plausibility, 
underpinning the efficacy of regional planning instruments with regard to landscape ecological 
issues, and discovering potential trade-offs among different planning alternatives. 
The focus area of the article is an intensively managed agricultural area. On the basis of instructions 
of the regional plan (Regionaler Planungsverband Oberes Elbtal/Osterzgebirge 2009) an afforestation 
strategy was simulated in land use change scenarios. The efficiency of the planning instruments 
“priority areas and reserve areas for afforestation”, as well as “priority areas and reserve areas for 
nature and landscape”, was tested (Figure 7). 
The study revealed that there is a danger of under- or overestimation of the ecological integrity if 
landscape structural aspects were not adequately taken into consideration in regional planning. 
Regarding the current state (map (a) in Figure 7) and the afforestation of respective priority areas 
(map (b), ecological integrity was overestimated by the basic land use type specific assessment in 
GISCAME. Landscape fragmentation and habitat connectivity were assessed with the worst 
evaluation of -10 points. The afforestation did not change the negative impact of land use pattern on 
ecological integrity. In contrast, other priority and reserve areas, which were delineated by the 
regional planning authority, turned out to be powerful instruments (Figure 7, map (c)). Landscape 
fragmentation was evaluated with +/-0 points and habitat connectivity even received the best 
possible evaluation of +10 points. The results reflect the positive impact of the establishment of 
large, connected natural areas on ecological integrity. 
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Figure 7: The map on the top left (a) shows the current land use. Priority areas for afforestation are simulated in the map 
on the bottom left (b). Map (c) on the bottom right illustrates the afforestation of priority and reserve areas for nature 
and landscape (Frank et al. 2012). 
The simulations served as basis for fruitful discussions with representatives of the regional planning 
authority, who appreciated the newly gained insights regarding their planning instruments from a 
landscape ecological point of view. The LM based assessment approach provided new insights on 
how to spatially organize landscape pattern in order to fulfil public demand for ecosystem services. 
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5.2. Relationship of structure and ecosystem service: Frank, S., Fürst, C., 
Koschke, L., Witt, A., and Makeschin, F. 2013. Assessment of 
landscape aesthetics-Validation of a landscape metrics-based 
assessment by visual estimation of the scenic beauty. Ecological 
Indicators 32: 222-231 
The second ecosystem services that was taken into account is the cultural service landscape 
aesthetics. LMs were rarely used for the assessment of landscape aesthetics and concerning the 
relationship between landscape structure and landscape preference various, partially contrasting 
statements can be found in the literature. 
To justify the use of LMs for landscape aesthetics assessment in real planning cases, the relationship 
between structure and service was analysed with the help of a survey in advance. The indicative 
value of the set of LMs, which were chosen for the ecosystem service assessment, was investigated. 
Two important criteria for assessing landscape aesthetics were determined, naturalness and 
landscape diversity (Augenstein 2002), because both criteria are strongly influenced by the 
composition and configuration of land use types (de la Fuente de Val et al. 2006; Dramstad et al. 
2006). Additionally, we tested (i) which media are appropriate for landscape preference studies 
(landscape photographs, satellite images, and/or land cover maps), and (ii) whether personal factors, 
such as gender, influence the perception of landscapes. 
The study revealed a significant positive relationship between the LM based assessment and the 
assessment of photographs (rs= 0.726, p = 0.027). Hence, the LM based approach is suitable for 
landscape aesthetics assessment. We also found that the personal factors profession, age, and 
gender did not impact the ratings in the survey significantly. Furthermore, it turned out that more 
abstract landscape pictures than photographs, namely satellite images and land use maps, were not 
suitable for landscape aesthetics appraisal because no significant relationships were found (Figure 8). 
   
Figure 8: Comparison of extracts of a landscape photograph, a satellite image, and a land cover map of focus area 3, the 
middle Saxonian loess hills (Loess hills of Meißen). 
The results coincide with other studies, for example regarding the suitability of landscape 
photographs for perception studies (Arriaza et al. 2004) and the impact of personal factors (Gruehn 
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and Roth 2010; Roth and Gruehn 2012). They justify the application of LMs for landscape aesthetics 
assessment. However, other studies revealed contradicting results regarding the influence of 
personal factors (e.g. Kearney et al. 2008). Also, the applied LMs, shape index, patch density, and 
Shannon’s diversity index, only cover the two aspects naturalness and landscape diversity. Further 
assessment criteria, such a readability and mystery (Augenstein 2002), would contribute to a more 
comprehensive landscape aesthetics assessment. 
 
5.3. Extended scope of application in current planning questions: Frank, 
S., Fürst, C., Witt, A., Koschke, L., and Makeschin, F. in press. Making 
use of the ecosystem services concept in regional planning - trade-
offs from reducing water erosion. Landscape Ecology. DOI: 
10.1007/s10980-014-9992-3. 
An extended application of the LM based ecosystem services assessment approach took place when 
it was applied on a current planning question. Since Climate Change is expected to affect rainfall 
distribution and intensity during the year, a new erosion protection instrument was developed by the 
regional planners in the course of the update of the current regional plan. The currently discussed 
water erosion protection strategy and according measures were object of study. With the help of the 
entire toolset of GISCAME, a trade-off analysis of the potential provision of different ecosystem 
services took place. Six land use changes scenarios were simulated. The business as usual-scenario 
served as reference scenario under current land use and land management conditions. The focus 
area is situated in the foothills of the Ore Mountains. It is highly susceptible to water erosion. 
Regarding soil erosion, the most effective measure was the change of the management practice from 
ploughing to no-tillage management with a potential reduction of water erosion by 89 %. The 
greening of preferential discharge paths also positively affected the soil protection (reduction by 2 - 
7 %). The introduction of hedgerows across the slope considerably reduced soil loss due to water 
erosion by 33 %. The combination of three measures revealed a reduction potential of 92 %. 
Besides “Greening I” and “No-Till” (Table 5), the measures of all other scenarios positively affected 
the landscape structure regarding ecological integrity. The introduction of hedge rows and the 
combination scenario revealed most positive results. Concerning landscape aesthetics, only three 
scenarios had positive effects. Taking into account trade-offs between different ecosystem services, 
the most effective alternative from landscape structural point of view was the introduction of hedge 
rows (in scenarios “Hedges” and “Combination”). 
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Table 5: The extract of the results table of Frank et al. (in press) illustrates the impact of landscape structure on 
ecological integrity and landscape aesthetics. The LM based assessment corrected the basic assessment values (0-100) by 
+/-5 (light green) or +15 value points (dark green). 
Scenario*  
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Ecological integrity 
LM assessment 
34 
+/-0 
34 
+/-0 
34 
+5 
34 
+5 
35 
+15 
40 
+/-0 
42 
+15 
Landscape aesthetics 
LM assessment 
43 
-10 
44 
-10 
43 
-5 
44 
-10 
45 
+5 
43 
-10 
46 
+5 
*BAU… business as usual; Greening I… land use change from arable land to grassland at discharge paths >4ha; 
Greening II… land use change from arable land to short rotation coppices at discharge paths >4ha; Greening 
III… land use change from arable land to grassland at discharge paths >1ha; Hedges… introduction of hedge 
rows across the slope; No-Till… change from ploughing to no-tillage management; Combination… combines 
“Greening II, “Hedges”, and “No-Till” 
 
The results were presented and discussed in a workshop of the regional planning association. The 
application of the entire GISCAME system supported the specification of the text for the upcoming 
regional plan. Hence, in this case study, the LM based ecosystem services assessment was 
successfully applied as decision support tool at the regional scale. 
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6. Discussion 
6.1. Critical reflection of the methods 
For the development of the LM based approach for standardized landscape assessment considering 
spatial patterns several landscape ecological methods were combined and further developed for a 
possible application in the context of the ecosystem services concept. Existing approaches and 
concepts and its modifications are listed in Table 6. 
Table 6: Concepts and methods which contributed to the LM based approach for assessing the influence of landscape 
patterns on the provision of the ecosystem services ecological integrity and landscape aesthetics 
Method/concept (source) Modification 
LMs 
(McGarigal and Marks 1995) 
Selection of suitable LMs happened with the help of FRAGSTATS 
3.3 software. Equations were taken from this basis and it was 
used for pre-tests (Frank et al. 2010a, b). 
Concept of hemeroby 
(Blume and Sukopp 1976) 
Assignment of land use classes to six degrees of hemeroby; 
application of LMs for selected degrees of hemeroby (e.g. habitat 
connectivity analysis: only ahemerobe, oligo- and mesohemerobe 
land use types were considered). 
Ecological connection matrices 
(Bastian and Schreiber 1999) 
Adaptation of the conceptual idea to interlink LMs; introduction 
of thresholds (see Frank et al. 2012) 
Cost-distance method 
(Zebisch et al. 2004a) 
Adaptation of the approach for the use in the GISCAME 
framework; implementation of this approach instead of LMs. 
Qualitative ecosystem services 
assessment 
(Koschke et al. 2012) 
The LM based assessment approach was implemented in an 
existing assessment framework of GISCAME. It is realized an 
additional correction of the basic land use type-specific 
assessment approach. 
Ecosystem services concept 
(MA 2005) 
The LM based approach fits into the concept of ecosystem 
services. A supporting service and a cultural service were subject 
of investigation. 
 
One critical assumption is for example that equally weighted assessment criteria (habitat 
connectivity, landscape fragmentation, and landscape diversity) influence the ecosystem service 
assessment. Ten value points (see chapter 4.3, Table 3) can be added or subtracted from an 
ecosystem service value which is assessed at the relative scale from 0 to 100. A weighting of these 
assessment criteria did not take place. The positive or negative correction was supposed to give an 
idea of the impact of landscape structure on the respective service. Therefore, the results of the LM 
based landscape structure assessment must be seen as qualitative trends and not as quantitative 
assessment. 
Another point of discussion is the application of a cost-distance approach in the context of the 
actually LM based assessment framework. Other, similarly complex approaches for measuring 
habitat connectivity also included patch quality (Visconti and Elkin 2009), which is expressed in my 
approach as degree of hemeroby. It was applied in the context of a cost-distance analysis, a common 
GIS feature (Malczewski 1999), which was implemented in my work. This rather complex approach 
was chosen instead of single LMs, because it reflects most adequately the share of functionally 
connected potential habitat area of a region (Zebisch et al. 2004a; Walker et al. 2007). Existing, 
simpler metrics, which might be used to quantify functional connectivity, such as the nearest 
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neighbour distance, were not found to be sufficiently accurate to assess habitat connectivity 
(Pascual-Hortal and Saura 2006; Magle et al. 2009). 
The assessment framework was based on scientific sound and widely applied methods. However, the 
mixture and the modification of various concepts and methods resulted in a rather complex 
assessment approach that contains a number of assumptions. Therefore, some uncertainty is 
inherent in the approach and difficult to quantify. 
 
6.2. Challenge of validation 
The complex assessment approach was hard to validate. In the case of landscape aesthetics 
assessment approach (Frank et al. 2013), a survey was carried out to validate the choice of LMs and 
their relationship to the ecosystem service. It revealed a significant correlation between the LM 
based and the survey based assessment of landscape photographs. A similar procedure was used for 
example by van Berkel and Verburg (2014), where 115 respondents evaluated the aesthetic 
preference among various landscape types with the help of landscape photographs, photo 
manipulations, and Google Earth images. The landscape structure played the major role in their 
assessment. Despite some differences between my PhD study and the study of Berkel and Verburg, 
the surveys for landscape structure assessment on the basis of photographs and satellite images 
seem to be a useful validation method.  
Regarding the methodology for assessing ecological integrity, normative and scientific basis aimed at 
providing reliable results. The chosen LMs itself are commonly used indices (Uuemaa et al. 2009). 
The review article of Uuemaa et al. (2013) showed that several scientific articles were published in 
international journals, which prove that the LMs indicate the respective matter of investigation. 
Because the target was to apply the approach for decision support in regional planning, thresholds 
were set according to relevant laws or regional development goals (e.g. Regionaler Planungsverband 
Oberes Elbtal/Osterzgebirge 2009; German Federal Nature Conservation Act 2010). Hence, a region-
specific assessment of the landscape of interest was provided. The correctness of the case study 
results dealing with afforestation (Frank et al. 2012) could not be validated with comparable 
assessment approaches. Only plausibility was proven by the research team in cooperation with 
stakeholders (regional planners). The results of the case study on erosion (Frank et al. in press), 
however, can be underpinned by comparing the results with other erosion studies of the model 
region. In an empirical study in Saxony, Germany, a soil erosion reduction of 90 % was achieved by 
management change from ploughing to no-tillage management (Schmidt 2009). This outcome 
underpins my outcome of 88 % water erosion reduction (Frank et al. in press). 
In other studies, which considered the role of landscape structure in the context of ecological 
integrity or landscape aesthetics, the authors frequently used the software FRAGSTATS (McGarigal 
and Marks 1995) for calculating LMs. However, when applying this software, the individual scientist is 
responsible for the interpretation of the results (e.g. Li et al. 2001). Statistical analyses or literature 
reviews are required in that case. Other software goes one step further and allows automatic 
interpretation of the landscape pattern. One example is GUIDOS (Vogt et al. 2007), which 
automatically identifies core habitat area, corridors, and stepping stones, which is the basis for a 
habitat connectivity analysis. Accordingly, GUIDOS supports the assessment of habitat connectivity. 
This software, however, only allows assessing one single ecosystem service.  
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Kuttner et al. (2013) combined FRAGSTATS and GUIDOS in order to evaluate structural functionality 
and therefore the ecological integrity of habitats. Similar to my PhD study, the authors combined a 
LM based assessment with a travelling costs approach, which is comparable to the cost distance 
approach that was applied for the habitat connectivity analysis (see chapter 4.4). Therefore, their 
procedure might be comparable to our LM based approach of ecological integrity. The authors also 
developed a holistic approach of landscape assessment for supporting sustainable landscape 
planning. 
 
6.3. Supporting decision-making and planning 
The central aim of regional planning is finding the most suitable spatial arrangement of land uses. 
Blaschke (2006) described landscape structure as key to understand a land use system. He found that 
LMs only have functional relevance for regional planning, if they are interpreted with regard to the 
respective landscape function (or ecosystem service). The LM based ecosystem services assessment 
approach of my PhD study includes such an automatic interpretation of LM values. LMs helped to 
indentify synergies and trade-offs of various planning alternatives, as recommended by Lang et al. 
(Lang et al. 2009).  
On the basis of the three case studies that were carried out in the framework of the PhD study, some 
decision support was derived for regional planning and general conclusions can be drawn for the use 
of LMs (Table 7).  
Table 7: Contribution of LMs in regional planning issues and general recommendations regarding their application.  
Study Decision support/central outcome Recommendation for LM use 
Afforestation study 
(Frank et al. 2012) 
Afforestation of respective priority 
areas do not lead to enhanced 
ecological integrity. 
LMs help identifying location and 
extent of beneficial afforestation 
sites. 
Landscape aesthetics 
study (Frank et al. 2013) 
Naturalness and landscape 
diversity are positively related to 
landscape aesthetics. 
Shannon’s diversity index, shape 
index, and patch density index 
are valid indicators for landscape 
aesthetics. 
Erosion control study 
(Frank et al. in press) 
The combination of management 
change, planting of hedges, and 
greening of preferential discharge 
paths has high potential to reduce 
water erosion. 
LMs help discovering most 
beneficial location of erosion 
control measures. 
 
Not only for regional planning purposes, but also in further planning disciplines, such as conservation 
planning (Sundell-Turner and Rodewald 2008), landscape planning (Botequilha Leitão and Ahern 
2002), and urban planning (Weber et al. 2014) LMs were recommended, because they facilitate 
decision support in a fast and cheap way.  
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6.4. Outlook 
6.4.1. Extension of the LM set and assessment criteria 
In my LM based approach, only few LMs and few assessment criteria were employed to characterize 
two ecosystem services, which are particularly influenced by composition and configuration of 
landscape pattern. Especially regarding landscape aesthetics, more assessment criteria could be 
implemented in future for refining the result. Demand-driven criteria, such as accessibility of 
aesthetically valuable areas, might enrich the assessment (Burkhard et al. 2012). 
My approach also lacks the third dimension. Elevation and relief might influence the performance of 
LMs. For the consideration of 3D effects, specific LMs were developed (Hoechstetter et al. 2008). 
Some authors point on the need to consider the third dimension especially in mountainous areas 
where LMs are affected by the influence of relief and surface roughness (Zhang et al. 2012). Although 
the promising approach of the 3D metrics opens new insights into LM research, it was seldom 
applied in landscape ecological research, so far (e.g. Weyland and Laterra 2014).  
Furthermore, several LMs are potentially influenced, if a 3D model was used instead of the 
commonly applied two-dimensional patch-corridor-matrix model (Forman 1995), as I did in the PhD 
study. For example, patch size and distance between patches are expected to increase and shape and 
connectivity metrics could vary in a 3D model. But also contrasting results were published. Even in 
mountainous areas  the shape index did not change when comparing two- and three-dimensional 
LMs (Zhang et al. 2013). Regarding the case study area of the REGKLAM project, the methodology of 
the landscape structure module is not expected to be significantly influenced by the impact of the 
landscapes’ relief. Only in the mountainous area of the Ore Mountains some LMs, such as the core 
area of potential habitats and the extent of unfragmented open area, might be slightly influenced. 
 
6.4.2. Extension by consideration of further ecosystem services and different 
research fields 
My approach was developed for assessing ecological integrity and landscape aesthetics in the 
context of the software platform GISCAME. Regarding the wide range of ecosystem services, further 
services need to be addressed. For instance the assessment of regulating services, such as local 
Climate Change regulation, would imply a big enhancement from including LMs. This service 
addresses streams and flows of material and energy in a landscape, which contribute to human well-
being (MA 2005). Such flows are often facilitated or interrupted by the spatial arrangement of 
specific land use types and linear landscape elements. Considering Climate Change, it might be 
possible to apply (a part of) the LM set, which currently is available in my approach. For example, 
habitat connectivity might be a valuable assessment criterion for the regulating service Climate 
Change regulation because flora and fauna can better migrate towards more suitable environmental 
conditions when required landscape structures and land use types are connected from the 
perspective of the key species (Araújo et al. 2004).  
Also, the assessment procedure could be further elaborated in the future in order to address tipping 
points. Currently, linear relations between structure and services are underlying. However, future 
research should focus on the question: how much diversity or naturalness is enough or even too 
much (e.g. EnvironmentCanada 2013)? 
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As mentioned already, the LM based approach was implemented in the GISCAME software (see 
chapter 4.2). A future potential of this situation is that the complex procedure can be transferred to 
other regions with manageable effort. Additionally, the chance that the LM based approach will be 
further developed and applied in new research projects increased due to its integration in GISCAME. 
A manual (Appendix 1) provides the transparency that makes the procedure replicable for future 
applications. However, compared to other LM calculation programs, such as r.le (Baker and Cai 1992) 
or v-late (Lang and Tiede 2003 ), the LM based ecosystem services assessment approach is not 
compatible with other geographic information systems. 
In the framework of two ongoing research projects, my work is extended towards further issues. One 
of them, the project RegioPower (“a regional IT-based platform for bringing resource needs and land-
based resource production together”) focuses on the management of lignocellulosic resources. The 
aim is the development of a software platform that moderates resource demands from industry, 
supply from land-based production and public demands for ecosystem services. In order to consider 
the ecosystem services provided by forests, my approach is supposed be further developed by 
integrating additional attributes. Forest management strategies influence characteristics of forest 
ecosystems. Site-specific choice of tree species, stand density, age composition, and the spatial 
arrangement of forest stands/patches in the region determine amount and quality of forest 
ecosystem services. Hence, additional structural attributes besides composition and configuration of 
land use types, such as vertical structure, will be the subject of the research. 
The second extension of the scope of the LM based ecosystem services assessment approach is in 
progress within the project WASCAL (“West African Science Service Center on Climate Change and 
Adapted Land Use”). It aims at enhancing human and environmental systems under Climate Change 
in Western Africa. Compared to European conditions, completely different land use systems can be 
found due to different societal systems. Also, land use data are more difficult to gather. The biggest 
challenge in this project is first to detect the driving factors of land use dynamics that lead to a 
characteristically highly scattered land use pattern. These dynamics (processes and functions) need 
to be described in a numerical way in a second step. Finally, the assessment framework of my LM 
based approach has to be adapted according to the specific regional development goals. Possibly 
new LMs, different assessment criteria, and other ecosystem services might be of interest. 
 
6.5. Proposal for enhancement of practice relevancy of LMs 
In order to really implement LMs into planning practice, some work still has to be done. Basis for the 
practical implementation of LMs in general is the structure-process-function-service- relationship 
(Haines-Young and Potschin 2010). Kleinschmit and Walz (2006) found that numerous publications 
investigated and confirmed these relations. In some case studies, LMs were already applied in real-
life planning (Herbst et al. 2009). However, for establishing a standardized application of LMs, a 
common methodology needs to be formulated and the following requirements need to be fulfilled: 
1. Consistent data requirements on land use data need to be formulated regarding spatial and 
thematic resolution as well as extent of the planning region. 
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2. Since potential application topics have been identified (e.g. landscape fragmentation, habitat 
connectivity etc.), a binding standard regarding the choice of LMs can and should be 
formulated. In the case of Germany, such a directive would be necessary at the national 
level. Only then a consistent application in the Federal Sates and all planning regions would 
be possible. 
 
3. Development goals need to be formulated roughly at the national level, and in more detail 
at the regional level. For instance, German Federal States are characterized by diverse 
natural conditions; therefore the goals might vary as well. 
 
4. Following the development goals, region-specific thresholds need to be formulated so that it 
should be possible to determine whether development goals are reached and to interpret 
the current state. 
 
Although considerable effort was spent in the integration of LMs in planning issues in the 2000s, a 
standardized methodology was not established. The research issues have turned into other focus 
areas, from “natural potential” (Neef 1967) over the “sustainability concept” (United Nations General 
Assembly, 1987) to the “ecosystem services concept” (Costanza et al. 1997). The nexus regional 
planning – landscape metrics – ecosystem services, still is a promising and very contemporary 
research field with high practice relevance. However, the LM based ecosystem services assessment 
approach faces a challenge, which might hamper the practical application for regional planning 
issues: the capacity of regional planners in terms of time is, as experienced in practice, limited. That 
makes it difficult to really establish the tool in practice. 
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7. Concluding remark 
The three publications (Appendices 2, 3, and 4), which were developed in the context of this PhD 
study, reflect the development process of a standardized approach for the assessment of ecosystem 
services with the help of LMs. Based on this work, the following conclusions can be drawn regarding 
the ‘Development and Validation of a Landscape Metrics Based Approach for Standardized Landscape 
Assessment Considering Spatial Patterns’: 
 LMs should not be used individually, but in combination with other LMs in order to consider 
more than one assessment criteria and to avoid misinterpretations. 
 
 I identified Shannon’s diversity index, shape index, effective mesh size, core area index, and 
patch density to be valuable additional indicators for the assessments of the ecosystem 
services, ecological integrity and landscape aesthetics.  
 
 Furthermore, the set of LMs should be applied in combination with other (landscape 
ecological) methods because not all ecosystem services are influenced by composition and 
configuration of landscape pattern. Therefore, it is concluded that LMs can only be a 
supplementary approach which refines the landscape assessment regarding specific issues 
that are related to its spatial organization.  
 
 These indicators fit very well into the ecosystem services concept but might also be applied 
in the framework of sustainability assessment or the assessment and monitoring of 
landscape functions.  
 
 Special attention should be paid to the identification of thresholds in the course of 
interpreting LM values. It is therefore recommended to rely on regionally available 
normative restrictions or development goals. If orientation aids such as mentioned are not 
available, thresholds should be set according to scientific evidence or the experience and 
opinion of regional experts. 
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